In conventional fossil fuel power plants, SO x and NO x are removed via flue gas desulfurization units (FGDs) and selective catalytic or non-catalytic reduction units (SCRs and NSCRs)or by other processes, which increase CAPEX and OPEX of the plant. Oxy-fuel combustion with CO 2 capture and compression provides new means for efficient removal of these pollutants. This is done within the compression and cooling inter-stages of the CO 2 capture unit, hence eliminating the need for upstream FGDs and SCRs. This paper provides the preliminary results from a test campaign carried out at CanmetENERGY's 0.3MW thermal integrated oxy-fuel research facility. Results show significant removal rates for SO x (>90%) and NO x (~50%) and provide insight for maximizing the removal of these pollutants with simple modifications to the unit.
Introduction
Under the scenario of a carbon constrained economy, CO 2 capture, utilization and storage (CCUS) is one of the key short-to intermediate term strategies for mitigation of the greenhouse gas emissions. Moreover, CCUS is considered to be more suitable for the so-called large point source emitters of CO 2 such as fossil fueled power plants, cement plants, and oil and gas processing and upgrading facilities. Coal power plants have the highest carbon emission intensity amongst the conventional fossil power technologies. Amongst the energy conversion technologies, flue gases from oxy-fuel combustion plants have the highest CO 2 concentrations (about 75% or more) rendering them suitable for physical separation of CO 2 by multi-stage compression and cooling. Oxy-fuel combustion technology is currently at pre-commercial stage of the development, hence there exists opportunities to explore process configurations, and integrations which can lower the CAPEX and OPEX of commercial oxy-fuel plants.
Presence of impurities such as NO x , SO x , and Hg in the CO 2 product stream from the capture units can lead to undesirable economic and environmental impacts. Conventionally low NO x burners, staged combustion and SCRs are employed in coal power plants to remove NO x . Similarly, FGDs are employed to scrub out sulfur containing compounds present in the flue gas from coal-fired plants. Also, activated carbon beds are commonly used for removal of Mercury. These air pollution control devices (APCDs) are generally capital and operational intensive. A promising alternative, through oxy-fuel combustion with CO 2 capture, allows potential elimination of the aforementioned APCDs. This involves shifting the load of the FGD, SCR and activated carbon bed units to the compression stages of the CO 2 capture unit. The focus of this paper is to propose a methodology to investigate the efficiency of the removal of these impurities, in the form of condensates, from the inter-stage separators of the CanmetENERGY's CO 2 capture and compression unit. The results of experiments based on this proposed methodology are presented as well.
Background
CanmetENERGY's CO 2 capture and compression unit, henceforth referred to as "CanCO 2 ", has the capability to produce high purity CO 2 (95% or higher) at high recovery rates [1, 2, 3] . The compression is performed via a reciprocating four stage air cooled compressor. After every stage of compression the flue gas is compressed and cooled to temperatures below the dew point of the mixture; consequently, condensation takes place during which Sulfur and Nitrogen Oxides will condense (along with Mercury, if present in the flue gas) in the inter-stage separators of this unit. The underlying chemistry can be presented in a simplified manner by the following reactions [4, 5] :
It has been previously identified that presence of oxygen is crucial to NO 2 formation, which catalyzes sulfuric acid formation, as well as condensation of NO x in the form of nitric and nitrous acids. The formation of sulfuric acid follows the principles of well-known "lead chamber reaction" process [4, 5] . Furthermore, presence of water is of extreme importance to the formation of nitrous, nitric and sulfurous and sulfuric acids. There are published studies suggesting the importance of the phase of water for facilitation of occurrence of reactions 2 & 4.
Within the compression stages, there are temperature, pressure and residence time variations, which must be taken into account when processing the data. In addition, the experimental results follow the unique characteristic of the CanmetENERGY's proprietary CO 2 capture and compression process, which entails an integration of the cold and warm ends of the CanCO 2 system.
As shown in Figure 1 , in order to eliminate the need for a separate cooling system for process startup, as well as increasing product recovery and operational flexibility, the flue gas entering the auto-refrigeration section is partially throttled to provide the necessary cooling, and then recycled back to the inlet of the fourth stage of the compressor. (the recycled stream has been marked by a heavier black line). This integration changes the composition of the inlet to the 4 th stage of compressor, and potentially brings about a hysteresis imposed on the warm end by the cooling cycle's operating conditions. A further hysteresis, brought about by this process integration, has to do with the interaction of the pressure and temperature swing adsorption dryer, as the last component of the warm-end. This study proposes a phased approach to assessing the performance of the warm end, as well as providing preliminary results for the evaluation of the warm-end as a black box for impurities removal.
Based on the findings from the test results, the study at hand provides recommendations for future test campaigns, which aims at addressing the existing gaps.
Proposed Methodology
Due to the highly integrated and complex nature of the warm-end of CanCO 2 , and the abovementioned potential hysteresis, the initial focus will be on analyzing the front-end compression and cooling up to the dryer, which will be considered as a black-box control volume. This control volume is marked via dashed line in Figure 1 . Flow rates of the inlet, product CO 2 and stack gas are measured using Coriolis meters. Continuous emission monitors, measuring O 2 , CO 2 , CO, SO 2 , NO, NO 2 were used at the sample points highlighted by red dots in Figure 1 . A moisture analyzer recorded the moisture content of the feed gas (see Figure 1 ). All the condensates were collected and weighed for the duration of the run at the sample points highlighted by blue dots in Figure 1 . The flow rate at the outlet of compressor was calculated via the inlet and recycle stream flowmeters while accounting for the condensate dropout rate.
A test campaign was designed with the goal of developing a model able to predict the pollutant removal efficiency of the unit as a function of common input variables. Concentration of NO, SO 2 and H 2 O were the three input variables that were selected for the design of this experiment. Response surface methodology technique was employed to provide an orthogonal and rotatable design allowing the model to have capability for prediction and separation of effects [6] . Although temperature, pressure and residence time are three other important factors, they cannot be changed in this case as they are fixed by the compressor design. It is, however, possible to increase the residence time at strategic locations in the future phases of this work. The ranges selected for SO 2 and NO were determined by considering a wide variety of fuels (mostly coal) commonly employed for fossil power generation [7, 8, 9] . The moisture content was limited by the dew point of the inlet flue gas and the minimum mass flow rate required for effective operation of CanCO 2 . The aforementioned limitations were brought about as a result of the volumetric capacity of the unit's multi-stage compressor. The concentration of oxygen was determined via simulation of the oxy-fuel combustion with flue gas recycle, incorporating the basis of a 1% (by mass) air in-leakage at the boiler outlet, as well as a collective 2.75% (by mass) air-in leakage at the ESP inlet accounting for all air inleakages. The ranges determined for SO 2 , NO x and H 2 O on a wet basis were: 610-2400 ppmv, 204-802 ppmv, and 4.3-7.9 mass%, respectively. Table 1 provides the dry base composition targeted for each of the runs for the components being monitored at the inlet to CanCO 2 . The inlet flow rate was kept around 145 kg/hr. Furthermore, the temperature of the stream entering CanCO 2 was kept at about 60°C. The pressure was maintained in the range of about 5-20 kPag. CanmetENERGY's pilot scale synthetic flue gas system was used to provide the correct synthetic gas mixtures. The facility includes an electric boiler for steam generation, as well as high purity CO 2 , O 2 , SO 2 , NO, and Argon supply, in addition to nitrogen bulk tanks. The system's temperature is tightly controlled, using heaters and heat traced lines, and sample conditioning units are used ensuring condensation does not occur in any of the sampling lines.
The dependent variables chosen for model development were SO x removal efficiency (mass basis), and NO x removal efficiency (mole basis, due to a change in molecular weight brought about by addition of oxygen to NO). Moreover, eight center points (i.e., mid point of SO 2 , NO and H 2 O ranges) replication experiments were performed in order to provide a measure of the true error and its range for the experiments.
Results and discussions
Analysis of data provided a polynomial model and predicting significant SO 2 removal efficiency. Table 2 provides summaries the coefficients of the independent variables (referred to as terms) as provided by the regression analysis performed. It may appear counter intuitive that the model finds moisture concentration variations to have no significant impact on the removal of either NO x or SO x . This observation can be explained by considering the fact that after the first stage of compression, the moisture contents obtained in subsequent stages become constant for every run. Consequently any variation in inlet moisture content will not be felt downstream of the first stage of the compressor. The results obtained also suggest that minimal removal of these impurities takes place in the first stage of compression. It is also important to look at interaction plots shedding light on the inter-connectivity of SO x and NO x and their effect on their removal. Figure 2 , shows that the SO 2 removal efficiency varies with variations in both NO and SO 2 levels. The upper right corner curves in this figure illustrate the variations of SO 2 removal efficiency as NO is varied for two fixed min and max values of SO 2 , depicted in red and blue, respectively. Similarly, the bottom left corner curves show the variations of SO 2 removal efficiency as a function of SO 2 levels for two fixed min and max values of NO, depicted also by red and blue curves, respectively. It can be observed that there is significant interaction between SO 2 and NO inlet concentrations when it comes to SO 2 removal rates. This suggests that the reactions involving both NO x and SO x , e.g. lead chamber reaction, do play an important role in removal of SO x . The analysis of NO x removal efficiency suggests similar results as per Figure 3 . A plot of SO 2 removal efficiency measured vs. predicted values produced by the model is provided in Figure 4 . The dashed red lines indicate the 95% confidence interval. It can be observed that most of the observations lie within the confidence interval. Furthermore, no lack of fit was apparent, suggesting that the model satisfactorily fits the data and is not missing any unaccounted for terms. However, NO x removal efficiency analyses ( Figure 5 ), indicate a large variability in the results, suggesting that there may be hysteresis effects present. The variability was apparent for the center point replicates, however, no lack of fit was detected. This implies that the model fits the data well despite the presence of error. It is suspected that the observed hysteresis is brought about by the interaction of either the dryer bed adsorbent with these impurities or the carryover of these impurities from the cold-end separator vessels 1, 2 and 3 ( Figure 1 ) back to the 4 th stage of the compressor, or a combination of these two. The foregoing effects, however, were unaccounted for in the calculation of removal efficiencies, owing to an assumption that the recycle stream from the auto-refrigeration loop had zero carry-over of pollutants. In order to capture the effect of any potential carry-over or dryer bed adsorption effects, the fabrication of a fully automated sampling system, able to sample nine strategic locations within the CanCO 2 , including the aforementioned recycle stream as well as the dryer bed's outlet, has been initiated for the next phase of testing.
Furthermore, upon looking at the surface profile of the SO 2 removal efficiency ( Figure 6 ), it is noted that the maximum removal efficiency is not a point, but rather it is a ridge. This observation suggests that there exists a ratio of SO 2 and NO x levels which results in optimum removal efficiency of SO 2 .
Looking at the NO x removal efficiency profile, Figure 7 , it can be concluded that for low NO levels and high SO 2 concentrations, high NO x removal efficiencies are to be expected. Also, it can be observed that there is a mid-range combination of concentrations of SO 2 and NO that provides reasonable removal rates of over 60%. These preliminary results serve more as a qualitative evaluation at this stage. 
Conclusions
From the results obtained from this initial test campaign, it can be concluded that there are significant interactions taking place between the NO x and SO x compounds, having a large impact on the removal efficiency of these impurities. Furthermore, the analysis of data suggests that there may be potential carry-over of SO x and NO x taking place from the auto-refrigeration cycle to the suction side of the 4 th stage of compression, resulting in large variations in NO x measurements performed at the outlet of the compressor's after-cooler. Moreover, the dryer bed may also be interacting with the impurities in an unsteady state manner as it goes through the saturation and regeneration cycles. The large variations observed among repetitions of the center point experiments, allow only qualitative conclusions to be made from the proposed predictive model. Further testing is planned to reduce the error, allowing for enhanced model reliability and its further validation. In addition, negligible impact brought about by variations in the inlet moisture content, which suggests that negligible removal of SO x and NO x takes place in the first stage of compressor (1.5 bar and 40 °C). Preliminary results also indicate high removal efficiencies of SO x (>90%) and NO x (~50%) using recirculated condensate or make up water in the inter-stage separators.
